Abstract Lesions containing aggregated and hyperphosphorylated tau protein are characteristic of neurodegenerative tauopathies. We have developed a cellular model of pathological tau deposition and clearance by overexpressing wild type human tau in HEK293 cells. When proteasome activity is inhibited, HEK293/tau cells accumulate tau protein in structures that bear many of the hallmarks of aggresomes. These include recruitment of tau into large spherical inclusions, accumulation of the retrograde motor protein dynein at the centrosome, formation of an intermediate filament cage around inclusions, and clustering of mitochondria at the aggresome. Tau aggresomes form rapidly and can be cleared upon relief of proteasome inhibition. We observe recruitment of pathological misfolded phospho-tau species to aggresomes. Immunoblotting reveals accumulation of detergent insoluble aggregated tau species. Knockdown of histone deacetylase 6, a protein known to interact with tau, reveals a requirement for HDAC6 activity in tau aggresome formation. Direct observation of the accumulation and clearance of abnormal tau species will allow us to dissect the cellular and molecular mechanisms at work in clearing aggresomal tau and its similarity to disease relevant pathological tau clearance mechanisms.
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Dementia disorders caused by neurodegenerative changes often display accumulation of various forms of aggregated tau protein. Tau lesions occur upon neuropathological examination in virtually all cases of Alzheimer's disease (AD), FTLD-tau, Guam ALS/PDC, Pick's disease, progressive supranuclear palsy, and corticobasal degeneration (reviewed in Gendron and Petrucelli 2009; Alonso et al. 2008) . Likewise protein aggregation is a recurring theme in the pathology of diverse neurodegenerative disorders. A subset of these diseases, including AD, manifests abnormal lesions where the microtubule binding protein tau has been identified as the main component. Specifically in AD, neurofibrillary tangles (NFT) and neuropil threads contain insoluble deposits of hyperphosphorylated tau. Normal tau binds to tubulin and promotes microtubule (MT) formation and stability in neuronal axons. MTs function as an essential component of the cytoskeleton and are crucial for maintenance of neuronal morphology and cellular trafficking activities. Disruption of normal tau function may cause cellular toxicity by destabilizing MTs (Hong et al. 1998; Barghorn et al. 2000) or by promoting tau aggregation (Hong et al. 1998; Barghorn et al. 2000; Goedert et al. 1999; Arrasate et al. 1999) .
The mechanism by which abnormal tau can be degraded or detoxified by the cell remains incompletely understood (reviewed in Johnson 2006) . However, both the ubiquitinproteasome system (UPS; Shimura et al. 2004; Kosik and Shimura 2005) and the macroautophagy pathway (Wang et al. 2010 ) have been implicated in tau turnover. Furthermore, both the UPS and lysosomal systems have been demonstrated to be disrupted in AD and may also be dysfunctional in other disorders exhibiting tau pathology (Wang et al. 2009; Boland et al. 2008; Nixon 2007) . Fibrillar tau species have also been demonstrated to directly inhibit proteasome activity (Keck et al. 2003) .
In order to further dissect the cellular mechanisms operating to clear pathological tau species, we have explored the effects of proteasome inhibition on tau aggregation and clearance. We have generated a cellular model of tau pathology relying on proteasome inhibition rather than tau mutations to drive the formation of pathological tau species. The resulting cellular model exhibits hallmark features of early tau pathology seen in AD and other tauopathies, namely increased protein aggregation and abnormal phosphorylation of tau. This model system will allow further characterization of wildtype tau aggregation and toxicity and provide a system to rapidly test different neuroprotective strategies and to test hypotheses regarding tau neurotoxicity.
Materials and Methods

Plasmids and Cells
A stable cell line (HEK/tau) overexpressing wild-type human tau (4R1N) was constructed by adding linkers to the tau cDNA and inserting into the MCS of pcDNA3.1 zeo (−) at XhoI/EcoRI. HEK293 (ATCC catalog # CRL-1573) cells were transfected with this plasmid using GenePORTER H (Genlantis). HEK293 cells were used as the parental cell line due to their ease of use and the fact that they share many properties with immature neurons (Shaw et al. 2002) . Antibiotic-resistant clones were selected with 100 μg/mL as Zeocin. Clones expressing high amounts of tau were screened using immunofluorescent microscopy and confirmed by immunoblotting.
Cell Culture and Drug Treatments HEK/tau cells were cultured under standard culture conditions (Dulbecco's modified Eagle's medium, 10% defined fetal bovine serum, penicillin (50 IU/mL) − streptomycin (50 μg/mL) + Zeocin (100 μg/mL)) to maintain selection. For proteasome inhibition, proteasome inhibitor I (PSI) was added to a final concentration of 2 μg/mL for 18 h. Also tested were lactacystin (5 μM) and MG132 (1 μM). RNAi experiments were carried out as recommended by the manufacturer (IDT). Cells were analyzed 48-72 h postsiRNA treatment. HDAC6 duplex sequences: 5′-GGAGAG GAGAACCUAGGAGAGG-3′; 3′-GUCCUCUCCUCUUG GAUGAUCCUCUCC-5′.
Immunocytochemistry
HEK/tau cells grown on poly-D-lysine-coated 12-mm round coverslips were fixed in 4% formaldehyde. Cells were washed 3×5 min in phosphate-buffered saline (PBS)/Ca 2+ / Mg 2+ and then blocked in antibody buffer (PBS, 0.5% Triton X-100, 1 mM EDTA, 0.1% bovine serum albumin, 0.05% NaN 3 )+10% normal goat serum. Primary antibodies were applied and incubated for 1 h at room temperature. Microscopy was performed on a Nikon Eclipse TE300 epifluorescent microscope. Images were acquired using a Photometrics SenSys™ cooled CCD camera and IPLab image acquisition software (BD Biosciences Bioimaging). Images were deconvolved using MicroTome™ deconvolution software (BD Biosciences Bioimaging). Image processing with Adobe Photoshop consisted of histogram stretch, noise removal with Despeckle filter, and sharpening using Unsharp Mask (50%, 3 pixel radius).
Tau Protein Extraction and Immunoblotting
Tau fractions were obtained as described (Ishihara et al. 1999; Guthrie et al. 2009 ). To analyze detergent insoluble tau accumulation, HEK293 cell pellets were sequentially extracted using buffers of increasing solubilizing strength. HEK293/tau cells were homogenized in high salt reassembly buffer (RAB-High Salt (0.1 M MES, 1 mM EGTA, 0.5 mM MgSO 4 , 0.75 M NaCl, 0.02 M NaF, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 0.1% protease inhibitor cocktail, pH 7.0)) and ultracentrifuged at 50,000×g yielding the soluble fraction (supernatant) and an insoluble pellet. Next, the RAB insoluble material was re-extracted with an ionic and non-ionic detergent containing RIPA buffer (50 mM Tris, 150 mM NaCl, 1% NP40, 5 mM EDTA, 0.5% DOC, 0.1% sodium dodecyl sulfate (SDS), 0.5 mM PMSF, 0.1% protease inhibitor cocktail, pH 8.0) and centrifuged as above yielding abnormal tau in the supernatant. Finally, the detergent insoluble pellet was re-extracted with 70% formic acid (FA) to solubilize detergent insoluble tau. The three fractions were analyzed by immunoblotting. Protein samples were boiled 5 min and loaded onto 4-15% pre-cast Critereon SDS-polyacrylamide gel electrophoresis gradient gels (Bio-Rad). For immunoblotting, we detected human tau using antibody 17025 at a dilution of 1:6,000 (A generous gift from Virginia Lee) as described previously (Guthrie et al. 2009 ). We used anti-tubulin antibody at a dilution of 1:1,000 (Developmental Studies Hybridoma Bank). Secondary goat anti-mouse or goat anti-rabbit IgG was the secondary antibody reagents used at a dilution of 1:1,000 (GE Lifesciences). Signals were measured by densitometry using Adobe Photoshop.
Results
Proteasome Inhibition Drives Tau into Aggresomes
Wild-type tau protein accumulates in the NFTs and other taucontaining deposits seen in Alzheimer's disease (reviewed in Trojanowski and Lee 2002; Gotz et al. 2008) . In order to study the accumulation of non-mutated wild-type tau into aggregates, we chose to develop a model of tau expression in HEK293 cells. HEK293 cells share many similarities to immature neurons but are more easily transfected (Shaw et al. 2002) . Normal endogenous human tau is expressed at low but detectable levels in HEK293 cells using the pan tau antibody T46 and immunofluorescence microscopy ( Fig. 1a) . To model the aggregation and turnover of tau, we generated stable HEK293 cell lines expressing high levels of wild-type human tau (Fig. 1b) . Tau isoform 4R1N was chosen because it is the most abundantly expressed isoform in the human brain. High level expression of tau protein is sufficient to drive the formation of tau-positive structures with the morphology of aggresomes in a small fraction of HEK293/ tau cells suggesting tau-containing aggresomes may form in response to increased tau concentration (data not shown); we used proteasome inhibition to increase tau aggresome formation as previously described (Ding et al. 2008) .
Treatment of either HEK293 or HEK/tau cells overnight (18 h) with PSI, a reversible inhibitor of the chymotrypsinlike activity of the proteasome (Traenckner et al. 1994) , causes tau protein to accumulate in a spherical peri-nuclear structure resembling an aggresome ( Fig. 1c, d ; Johnston et al. 1998) . Spherical deposits are also induced by other proteasome inhibitors acting through distinct mechanisms (see Fig. S1 ), including lactacystin which blocks proteasome activity by covalently modifying the catalytic β-subunit of the proteasome (Imajoh-Ohmi et al. 1995) and MG-132 which acts by simultaneously increasing the activity of the β2 subunit will reducing the activity of other β subunits of the 26S complex (Tsubuki et al. 1996) .
HEK/Tau Cells Form Large Aggregates with Characteristics of Aggresomes
Accumulation of abnormally oxidized or aggregated proteins leads to formation of the aggresome (reviewed in Olzmann et al. 2008) . By treating HEK/Tau cells with 2 μM PSI, we were able to drive tau to aggregate in structures with the hallmarks of aggresomes (Fig. 2) . Shown is a representative single cell stained for normal human tau (Fig. 2a) . The majority of tau protein has moved to the aggresome at the microtubule organizing center (MTOC). Also note the deformation of the nuclear envelope by the deposited aggregated protein. Immunostaining of identically treated cells (Fig. 2b ) reveals a cagelike structure formed by the intermediate filament protein, vimentin, a characteristic of aggresomes in cultured nonneuronal cells (Johnston et al. 1998) . Likewise, when proteasome activity is inhibited, the retrograde motor protein dynein, which is required for transport of proteins to the aggresome (Yoshiyama et al. 2007; Iwata et al. 2005a) , can be seen here clustered about the centrosome (Fig. 2c) . In addition, we have observed that treatment with proteasome inhibitor causes mitochondria (observed by staining live cells with MitoTracker Red) to reorganize and cluster around the periphery of the aggresome as seen here (Figs. 2d and 3) and in (Debure et al. 2003) . Finally, Fig. 2e demonstrates contraction of the microtubule network to bundle around the tau-containing aggresome and the nucleus.
Aggresomes Containing Tau Form Rapidly and Reversibly upon Proteasome Inhibition
In order to investigate the temporal relationship between proteasome inhibition and aggresome formation, we prestained mitochondria in live HEK/tau cells with MitoTracker dye. Recent work has demonstrated a role for mitochondria in the formation of aggresomes/autophagosomes (Boeddrich et al. 2003; Hailey et al. 2010) . The observation that mitochondria are recruited to the periphery of taucontaining aggresomes (Fig. 2d ) allowed real-time tracking of tau aggresome formation in live HEK/tau cells by observing stained mitochondria. In as little as 1 h, the mitochondria began to redistribute (Fig. 3a) . After 3 h, the majority of mitochondria had translocated to positions near the nucleus, and a few nascent aggresomes were observed. Nine hours after initiation of proteasome inhibition, fully formed aggresomal structures were observed in nearly every cell. Clearance of aggresomes was monitored in live cells by disappearance of mitochondria cluster around the MTOC and the reestablishment of a normal mitochondrial network throughout the cytoplasm. This process was evident first as breakdown of the mitochondrial cluster around the mature aggresome 18 h following washout of proteasome inhibitor and is complete after 42 h of recovery (Fig. 3b) .
Pathological Tau Accumulates in Aggresomes
Tau epitopes seen in the neuropathology of AD become concentrated within aggresomes in HEK/tau cells (Fig. 4) . In  Fig. 4 , we show immunostaining with the phospho-specific antibodies 12E8 (phospho-Ser262; Seubert et al. 1995; Fischer et al. 2009 ) and PHF-1 (phospho-Ser396/404; Evans et al. 2000) , along with conformation specific antibodies Alz50 and Tau-2. Phosphorylation of tau at Ser262 (the 12E8 site) in the microtubule binding repeat domain R1 results in a bend in the tau molecule which precludes microtubule binding, resulting in free tau (Fischer et al. 2009; Biernat et al. 1993 ). This free tau is then available for hyperphosphorylation at other epitopes, such as PHF-1 (Ser396/404). Antibodies 12E8 (Fig. 4a, b) and PHF-1 (Fig. 4c, d ), label epitopes seen in neurofibrillary lesions in AD, are translocated to the aggresome when proteasome activity is inhibited. The Alz50 antibody (Fig. 4e, f) recognizes a discontinuous epitope consisting of residues at the N terminus and the MT binding domains. It is suggested that this folded confirmation allows for intra-molecular interactions and formation of fibrillar tau (Carmel et al. 1996) . While abundant ALZ50 staining is evident in non-treated cells, ALZ50 reactivity becomes localized to the aggresome upon proteasome inhibition. Tau-2 antibodies have high affinity for diverse aggregated tau species and label a variety of tau lesions in disease. Note that tau expressed in HEK/tau cells assumes the Tau-2 conformation only upon inhibition of the proteasome and formation of aggresomes (Fig. 4g, h tauopathies. Similarly, in HEK/tau cells, wild-type tau protein accumulates in detergent insoluble aggregates. To examine the effects of proteasome inhibition on detergent insoluble tau, we treated HEK/tau cells with PSI and compared them to untreated cells. To extract soluble and insoluble tau fractions, we initially extracted HEK/tau cells in RAB, a high salt buffer, yielding the soluble tau fraction. We re-extracted material insoluble in RAB with RIPA, an ionic and non-ionic detergent containing buffer yielding the detergent soluble fraction. Subsequently, we recovered detergent insoluble material by extraction with formic acid (Fig. 5) . In this sequential extraction experiment, we observe a modest increase in detergent insoluble tau in PSI-treated cells but little change in the soluble tau fraction relative to untreated HEK/tau cells.
HDAC6 Regulates Tau Aggresome Formation
HDAC6 has been shown to regulate aggresome formation by serving as a link between misfolded protein cargo and microtubules and is necessary for aggresome formation (Kawaguchi et al. 2003) . We observe HDAC6 being recruited to tau-containing aggresomes (Fig. S2) of aggregated tau species, we reduced HDAC6 function in our HEK/tau model and examined the effect on detergent insoluble tau under conditions that do or do not form taucontaining aggresomes. In HEK/tau cells treated with siRNA targeting HDAC6, we see an approximately 75% reduction in HDAC6 levels (Fig. 6a) . This is accompanied by little change in high salt (RAB, lane 2) and detergent soluble (RIPA, lane 2) tau fractions. However, HDAC6 knockdown has a profound and context-dependent effect on insoluble tau species. Knockdown of HDAC6 in HEK/tau cells without aggresomes (normal proteasome activity) essentially eliminates detergent insoluble (FA, lane 2) tau (reduction >10-fold in HDAC6 RNAi treated HEK293/tau). In contrast, proteasome inhibition reverses this effect as knockdown of HDAC6 in HEK/tau cells with an inhibited UPS increases detergent insoluble tau species by~250% (FA, lane 4). Figure 6b shows HEK/tau cells double stained for HDAC6 and tau. In the absence of HDAC6 knockdown, tau is trafficked to the aggresome along with much of the HDAC6 as observed previously (Fig. 6b) . When HDAC6 is knocked down, no apparent change in the distribution of tau protein is observed. In contrast, when the UPS is inhibited during HDAC6 knockdown, redistribution of tau protein to the aggresome is impaired, and clearance of insoluble tau is hindered (Fig. 6a) .
Discussion
Aggregated tau species are a key feature in AD and other neurodegenerative tauopathies. Precisely which tau species are the most neurotoxic remains unclear although a diverse Stained with antibody 12E8 (recognizes phospho-Ser262); c, d PHF-1 (recognizes phosphoSer396/404); e, f Alz50 (recognizes pre-tangle conformations of PHF tau); g, h tau-2 (preferentially binds PHF related conformations of tau). In all panels, tau antibody stain is green, and nuclei are labeled with DAPI (blue). Scale bars=10 μm array of phosphorylated, truncated, and aggregated species have been suggested (reviewed in Gotz et al. 2008) . Aggresomes are hypothesized to be a repository for accumulation and clearance of misfolded, aggregated proteins, and thus likely a neuroprotective mechanism.
Here we present a cellular model for the formation of taucontaining aggresomes and subsequent clearance of aggregated tau. HEK/tau cells which overexpress wild-type 4R1N human tau are induced to form abundant aggresomes by inhibition of the UPS (Fig. 1) . When proteasome activity is inhibited, HEK/tau cells display many hallmarks of aggresome formation. These include migration to and accumulation of insoluble tau at the MTOC, deformation of the nuclear envelope, concentration of the retrograde motor protein dynein at the MTOC, formation of a vimentin cage surrounding aggregated protein, and migration of mitochondria to enclose the tau aggresome (Fig. 2) . This process is rapid, occurring within a few hours of proteasome inhibition, and is reversible upon cessation of RAB FA RIPA T a u T a u + P S I T a u T a u + P S I T a u T a u + P S I to PSI treatment and consists of overnight exposure of cells to siRNA duplexes that target HDAC6 followed by 72 h growth. b Untreated HEK/tau cells immunostained for HDAC6 and tau display typical translocation of tau along with HDAC6 to the aggresome upon treatment with 2 μM PSI for 18 h. HDAC6 siRNA treatment, however, inhibits formation of the aggresome when proteasome activity is compromised. Scale bars=10 μm proteasome inhibition (Fig. 3) . Together, these findings suggest that the aggresome is an alternate pathway for degradation and removal of potentially toxic tau aggregates. Furthermore, aggresome formation may be particularly relevant to AD, Pick's disease, and other tauopathy disorders. Aggregated proteins are not efficient substrates for the proteasome, and PHF tau actually drives UPS dysfunction and decreased UPS activity (Keck et al. 2003; David et al. 2002) . Regardless, wild-type tau aggregates as a result of UPS failure which is self-reinforcing because aggregated tau also further impairs UPS function (reviewed in Oddo 2008) .
We examined the accumulation of abnormal tau species in our HEK/tau model. In this model, we see evidence for accumulation of hyperphosphorylated tau associated with pathological tau-positive lesions in AD and other tauopathies (Fig. 4, 12E8 and PHF1 staining) . Likewise, we see obvious accumulation of abnormal tau conformers indicative of pre-tangle tau species (Fig. 4 , Alz50 and Tau2 staining). With both hyperphosphorylated and aberrantly folded tau-positive staining, abnormal tau species are enriched in aggresomes (Fig. 4b, d , f, h). Furthermore, PSI treatment potentiates accumulation of detergent insoluble tau (Fig. 5) . This finding supports the idea that abnormal tau species are preferentially recruited to aggresomes as they form, suggesting an important role for proteasome inhibition and autophagy-mediated degradation in tau-mediated pathologic mechanisms.
To explore the mechanistic relationship between aggresome formation and pathological tau species, we examined the functional importance of HDAC6 in turnover of insoluble tau because HDAC6 has been demonstrated to play an essential role in aggresome formation. Also, HDAC6 has previously been shown to be increased in AD (Ding et al. 2008) . HDAC6 is thought to participate in aggresome formation by increasing the efficiency of transport of aggregated proteins to the aggresome (Kawaguchi et al. 2003; Iwata et al. 2005b) and by binding to tau (Perez et al. 2009; Ding et al. 2008) . We find that HDAC6 protein clearly overlaps with abnormal tau in aggresomes (Fig. S2) and alters the accumulation of aggregated tau species (Fig. 6) . Taken together, these observations suggest that HDAC6 is associated with clearance of abnormal toxic tau. We hypothesize that HDAC6 normally promotes removal of insoluble tau from the cytoplasm via aggresome formation. In support of this, knockdown of HDAC6 dramatically reduces aggresomal accumulation of insoluble tau. Knockdown of HDAC6 along with proteasome inhibition produces a large increase in insoluble tau in the FA fraction. (Fig. 6) This appears counterintuitive at first glance. A possible explanation is that even though little aggregated tau is being transported to the aggresome for clearance, considerable aggregated tau is accumulating in the cytoplasm resulting in potentially greater toxicity under these conditions. This hypothesis is also consistent with findings in other models, where HDAC6 function is inhibited by tau (Perez et al. 2009 ), perhaps by its direct interaction with tau (Ding et al. 2008) . In other tau cellular models, mutations, fibrilization agents, and/or high levels of induced tau have been used to drive tau aggregation and toxicity (Bandyopadhyay et al. 2007; Wang et al. 2010; Khlistunova et al. 2006 ). Here we promote the formation of pathological tau aggregates using expression of normal human tau and pharmacological inhibition of proteasome activity. This mimics the proteasome dysfunction seen in AD (reviewed in Oddo 2008 ) and drives accumulation of abnormal tau species. Effects of proteasome inhibition on tau accumulation have been investigated previously in neuroblastoma SHSY-5Y cells (Hamano et al. 2009 ) and oligodendroglial (OLN-93) cells (Goldbaum et al. 2003) . In both cellular models, proteasome inhibition promoted tau aggregation, consistent with what we observe here (Goldbaum et al. 2003; Hamano et al. 2009 ).
The cellular model described here has utility for dissecting the mechanisms employed by the cell for clearance of abnormal tau aggregates. The notion that tau can form aggresomes is particularly provocative because neurons seen in Pick's disease contain spherical tau deposits that at least superficially resemble aggresomes. Furthermore, we demonstrate here that HDAC6, a protein previously implicated in AD and turnover of aggregated proteins, plays a multi-faceted role in the genesis and degradation of abnormal tau aggregates. The tauopathyrelated pathologic changes in this model are sufficiently robust for high-throughput screening for compounds that may prevent tau-related aggregation or toxicity.
